"Normal hearing" is typically defined by threshold audibility, even though everyday communication relies on extracting key features of easily audible sound, not on sound detection. Anecdotally, many normal-hearing listeners report difficulty communicating in settings where there are competing sound sources, but the reasons for such difficulties are debated: Do these difficulties originate from deficits in cognitive processing, or differences in peripheral, sensory encoding? Here we show that listeners with clinically normal thresholds exhibit very large individual differences on a task requiring them to focus spatial selective auditory attention to understand one speech stream when there are similar, competing speech streams coming from other directions. These individual differences in selective auditory attention ability are unrelated to age, reading span (a measure of cognitive function), and minor differences in absolute hearing threshold; however, selective attention ability correlates with the ability to detect simple frequency modulation in a clearly audible tone. Importantly, we also find that selective attention performance correlates with physiological measures of how well the periodic, temporal structure of sounds above the threshold of audibility are encoded in early, subcortical portions of the auditory pathway. These results suggest that the fidelity of early sensory encoding of the temporal structure in suprathreshold sounds influences the ability to communicate in challenging settings. Tests like these may help tease apart how peripheral and central deficits contribute to communication impairments, ultimately leading to new approaches to combat the social isolation that often ensues.
auditory processing disorder | frequency following response | individual differences | auditory scene analysis | informational masking M aking sense of conversations in busy restaurants or streets is a challenge, as competing sound sources add up to create a confusing cacophony. Central to communicating in such environments is selective attention, the process that enables listeners to filter out unwanted events and focus on a desired source (1) . By listening for an object with a particular attribute (for instance, by focusing on the source from straight ahead), competing sound sources can be suppressed and the desired object brought into a listener's attentional focus (2) (3) (4) .
Many listeners with clinically normal hearing complain of difficulties with selective auditory attention (5) . Because such difficulties manifest in complex everyday tasks, they are often assumed to arise from central processing deficits (6, 7) . However, there is no real consensus: Are "normal-hearing" listeners who have trouble conversing in ordinary social settings suffering from a central deficit, or is there a peripheral cause (8, 9) ? Reflecting this ongoing debate, clinical diagnoses use a range of labels to describe normal-hearing listeners who cannot communicate easily when there are competing sound sources; there is no standard procedure for identifying these listeners and no mechanistic explanation for their difficulties (7, 10) .
A spate of recent studies suggests that hearing-impaired listeners are relatively insensitive to the fine spectrotemporal detail in suprathreshold sounds and that this impedes the ability to understand a source in a noisy background (11) (12) (13) . Given that normal hearing is defined simply on the basis of the quietest sounds a listener can hear at each acoustic frequency, the fidelity with which the auditory system encodes suprathreshold sounds may also differ across listeners with clinically normal hearing (14) . Such differences could in turn explain why some normal-hearing listeners have problems in selective auditory attention tasks.
We recently showed that the clarity of the acoustic scene impacts the ability to direct selective auditory attention (15) . We reasoned that by distorting the fine spectrotemporal structure of sound, echoes and reverberation would interfere with the ability of listeners to use the suprathreshold source attribute of perceived location to select a desired talker from amid streams of competing talkers, even if the acoustic distortion was not enough to interfere with intelligibility of the speech streams (16) (17) (18) . Consistent with our expectations, we found that reverberant energy interfered with spatial selective auditory attention, even though listeners still understood words from the scene. Importantly, our listeners, who all had clinically normal auditory thresholds, differed dramatically in their ability to focus attention on speech from a known direction in the presence of similar, competing speech streams (15) . This result hints that if the fidelity of the sensory representation of suprathreshold sounds differs across normal-hearing listeners, it may help explain differences in the ability to focus attention on a desired sound stream in a complex setting.
Results
Here, we first recruited additional subjects and tested them on our original selective auditory attention task, verifying our earlier results showing large individual differences in selective auditory attention ability (15) . We then ran additional tests with a subset of our listeners to explore whether the individual differences could be attributed to differences in basic sensory encoding of fine timing in acoustic signals. We show that spatial selective attention ability correlates with sensitivity to detection of frequency modulation in a sinusoidal stimulus, a measure of perceptual acuity for fine spectrotemporal structure of suprathreshold sound (12) . Importantly, we also find that selective attention ability correlates with an objective physiological measure of the fidelity with which fine spectrotemporal detail of audible speech is encoded subcortically, suggesting that the difficulties some listeners have with selective auditory attention reflect poor encoding at early sensory stages of the auditory system. Spatial Selective Attention Task. Forty-two normal-hearing adults, aged 18-55, were tested on our selective attention task (an additional 8 did not complete the task as directed; their data are This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: shinn@cns.bu.edu. not included here) (15) . All listeners had audiometric thresholds within 20 dB hearing level (HL) or better for octave frequencies from 250 Hz to 8 kHz and less than 10 dB threshold asymmetry between the left and right ears. We designed our task to both mimic everyday listening situations (requiring listeners to focus spatial attention to make sense of a target signal) and to emphasize coding of fine spectrotemporal details in stimuli.
Three simultaneous streams of speech were simulated from three different directions relative to the head: one from 15°to the left, one from directly ahead (azimuth 0°), and one from 15°t o the right. Each stream consisting of four spoken digits; the onsets of each of the four digits were time aligned across the three spatial streams. Listeners were instructed to report the digits from the center stream, ignoring the left and right masker streams.
Because the three speech streams consisted of simultaneous digits spoken by the same male talker, the only feature distinguishing target from maskers was direction. Moreover, because all three sources were close to midline, the only reliable spatial cue was the interaural time difference (ITD), which depends on fine comparisons of the timing of the signals reaching the left and right ears (emphasizing encoding of suprathreshold detail in the input sounds). Thus, this task requires listeners to make use of subtle spectrotemporal detail to compute the location of the target and masker sounds, which then can be used to select the target from the three-source mixture. Three levels of reverberation were simulated (anechoic, intermediate reverberation, and high reverberation), to titrate the difficulty of the task.
We find that reverberant energy interferes with the ability to report the center target (compare panels in Fig. 1 ). Confirming our previous results, we see large individual differences, with performance in the easiest, anechoic condition ranging from less than 40% to almost 90% correct. Moreover, these individual differences were not explained by factors that have previously been linked to individual differences, such as age ( Fig. 1) , differences in working memory ability, or slight differences in pure tone threshold found in our normal-hearing subject population (19) (20) (21) (22) .
As in other studies of spatial selective auditory attention, the likelihood of a correct response tends to increase from digit to digit, reflecting an enhancement in attentional focus across time ( Fig. 2A) (23) . Most incorrect responses correspond to reports of one of the masker digits. Indeed, in the highest reverberation condition, subjects seem to select randomly among the three competing digits, reporting the target, the left masker, and the right masker with nearly equal probability (compare high-reverberation results, plotted as circles; Fig. 2 A-C). Guessing errors (reports of digits not actually present in one of the competing streams) are relatively rare, particularly for the first and last digits in the sequence where primacy and recency effects reduce recall errors (24) (Fig. 2D) , suggesting that memory limits have little influence on performance. This pattern of errors confirms that the addition of reverberant energy does not render the speech streams unintelligible, but instead cripples the ability of the subjects to focus spatial selective attention on the target words, presumably by degrading fine spectrotemporal structure important for computing spatial location.
To examine the causes of the large differences observed, we recruited 17 listeners from the top (n = 9) and bottom (n = 8) quartiles of performance in the anechoic condition on the spatial attention task (henceforth, the "top-quartile" and "bottomquartile" listeners; Fig. 1 , Left) to perform additional tests. Whereas this selection of subjects is not ideal, focusing the additional tests on some of the best and worst subjects allowed us to efficiently explore whether there is any relationship between spatial selective attention ability and other measures of performance. The additional tests were designed to reveal whether differences in selective auditory attention ability arise because individuals differ in their sensitivity to the fine spectrotemporal structure of sound and whether any such differences in spectrotemporal sensitivity are due to differences in early sensory encoding in the auditory system.
Frequency Modulation Detection Task. To investigate whether listeners who have difficulty focusing spatial selective auditory attention differ in basic auditory abilities, we measured sensitivity to frequency modulation (FM) using an adaptive threshold procedure. At typical detection thresholds, small FM excursions are thought to be perceptible because they cause subtle differences in the timing of neural spikes in the auditory periphery (12) . Given that our spatial selective attention task depends on computing ITDs from fine timing differences of the signals reaching the left and right ears, we hypothesized that individual differences in spatial selective attention might be related to differences in FM detection threshold.
Listeners identified which of three intervals contained a modulated, rather than pure-tone, sinusoid (12) . We find that, as a group, the top-quartile listeners in our selective attention task have lower FM thresholds than the bottom-quartile listeners [single-way ANOVA with factor of listener group: F(1,15) = 9.58, P = 0.0074; Fig. 3 ]. We further tested the relationship between basic temporal sensitivity and selective attention performance at the individual-listener level using rank correlations, calculated as the Kendall τ (which does not assume that measures are normally distributed). We find a significant negative rank correlation between individual subject performance on the spatial selective attention task in the anechoic condition (the condition in which individual differences were greatest) and the just-noticeable frequency excursion in the FM detection task (Kendall τ = −0.4649, P = 0.0106; Fig. 3) . In other words, the greater the percentage of target digits a particular listener is able to report in an attention task, the smaller the FM excursion that he or she can detect. Because our subject pool included only good and bad listeners from our spatial selective attention task, we cannot use these results to quantify the relationship between performance on the attention task and on the FM task for the general population (e.g., using regression analysis). Nonetheless, these results show that individuals who have difficulty using fine ITDs to focus spatial selective auditory attention on a desired talker amid a mixture of talkers also struggle to detect small within-channel timing fluctuations in response to a simple sound.
Measurement of Subcortical Encoding of Suprathreshold Detail. We then measured the fidelity of physiological encoding of the temporal structure of a periodic sound for the same top-quartile and bottom-quartile listeners. Specifically, we recorded scalp voltages in response to presentations of the syllable /dah/, an approach that has been used in a number of recent studies to characterize the precision of early sensory encoding in subcortical auditory areas (25, 26) . The steady-state vowel portion of the syllable is monotonized to have a repetition rate of 100 Hz, which, upon playback, gives rise to phase-locked responses in subcortical portions of the auditory pathway at the harmonics of 100 Hz, up to about 2 kHz (the frequency following response, FFR) (27) . The strength of the FFR reflects the reliability with which periodic structure in a suprathreshold acoustic input is encoded physiologically, as observed on the scalp. We hypothesized that the strength of the FFR would relate to performance on our spatial attention task, which depends on fine temporal processing to compute source direction.
Each listener completed one FFR session, in which the syllable /dah/ was presented in quiet and in broadband noise at a signal-to-noise ratio (SNR) of 10 dB. For each subject in both quiet and noise, we estimated the phase locking value (PLV) (28, 29) , a measure of the consistency of the evoked signal's phase at a given frequency, for frequencies spanning the first five harmonics of the input syllable.
The PLV is strong at the harmonics of 100 Hz (Fig. 4) . We find that for each of the first five harmonics of 100 Hz, noise significantly reduces the fidelity of the physiological encoding of the temporal structure of the input signal [100 Hz: F(1,48) = 37.5810, P = 7.9e-07; 200 Hz: F(1,48) = 46.4595, P = 7.0e-08; 300 Hz: F(1,48) = 36.9554, P = 9.5e-07; 400 Hz: F(1,48) = 40.7489, P = 3.2e-07; 500 Hz: F(1,48) = 94.1444, P = 3.4e-12; all P values corrected as described in Methods]. Whereas the interaction of listening condition × listener group was not significant for any harmonic, the PLV was greater for the top-quartile listeners than the bottom-quartile listeners at 100 Hz [F(1,15) = 10.0799, P = 0.03 after corrections; there were no significant differences in the PLV strength between the listener groups at the other four harmonics]. Extending this finding, we also find a significant positive rank correlation between the strength of the PLV at the fundamental frequency of 100 Hz and performance on our selective task in the anechoic condition (Kendall τ = 0.3764, P = 0.0393; Fig. 5 ). As with the FM-detection analysis, because we tested only top-and bottom-quartile listeners from the spatial selective attention task, we cannot use standard regression techniques to try to quantify the relationship between the FFR strength and spatial selective attention performance at the individual subject level. Still, we find that the strength with which subcortical portions of the auditory pathway encode the fundamental frequency of an acoustic input are related to how well individual listeners can direct spatial selective auditory attention in a complex scene. 
Discussion
Our results reveal large intersubject differences in how effectively normal-hearing listeners are able to focus selective attention on a target speech stream amid competing masker streams that differ from the target only in spatial position. These individual differences in spatial selective auditory attention are related to the ability to detect changes in the spectrotemporal content of a simple, suprathreshold tone and, importantly, with an objective physiological measure of the fidelity of subcortical encoding of temporal structure in suprathreshold signals. These results underscore that thresholds of audibility often used to define "normal hearing" in the clinic do not capture important differences in basic sensory encoding that have important consequences for communicating in everyday situations. A number of past studies find that the precision of the FFR is reduced in a wide range of special populations (e.g., nonmusicians compared with musicians, speakers of nontonal languages compared with speakers of tonal languages, children with learning disabilities or autism spectrum disorder compared with children without such difficulties, etc.) (26, (30) (31) (32) (33) (34) (35) . Some of these studies also demonstrate a correlation between subcortical encoding and performance on simple auditory tasks, like the ability to understand a target when "energetic masking" is the main limitation on performance (e.g., refs. 30, 34).
Our approach differs from past studies relating individual differences in subcortical auditory encoding to perceptual abilities in two key ways. First, there is no reason, a priori, to expect large individual differences in the subject population we recruited (who have no known hearing or perceptual deficits) in either perceptual abilities or in physiological responses; however, we find significant variations in the ability to selectively attend to a desired speech stream, which are related to differences in the physiological encoding of acoustic temporal structure. Second, our spatial selective attention task tests how well listeners can use spatial cues to distinguish a target speech stream from otherwise identical, intelligible masking streams, rather than the ability to understand target speech degraded by masking signals that overlap with the target in time and frequency ("energetic masking") (2-4). In our selective attention task, even at the highest level of reverberation, listeners fail because they report the wrong words (from the competing streams), not because target speech in a sound mixture is unintelligible. Thus, performance in our attention task is limited by the ability to focus spatial attention on a target and filter out competing, intelligible streams, not by the audibility of the target speech stream; our task emphasizes encoding the suprathreshold fine timing cues used to compute ITDs, which are important for selective attention in real-world settings. Here, testing normal-hearing listeners across a large range of ages, we find a relationship between robustness of subcortical encoding and the ability to direct spatial selective auditory attention using the suprathreshold attribute of talker location. In animal models, noise exposure that does not cause permanent threshold shifts nonetheless results in a reduction in the number of spiral ganglia encoding input acoustic signals (36) . Such a change in the redundancy with which sound is encoded in the periphery could explain the individual differences we observed. For instance, temporal coding at the level of the cochlear nucleus is often more precise than it is at the level of the auditory nerve, presumably because information from multiple auditory nerve fibers is integrated to achieve a less noisy sensory representation (37) . With fewer independent spiral ganglia to transmit sound to the cochlear nucleus, suprathreshold sound reaching a noise-exposed ear may be coded less robustly in the brainstem, even if detection thresholds are unchanged. Taken together, these results highlight the importance of educating listeners about the dangers of noise exposure, especially given the ubiquity of personal music players and other devices that can damage hearing.
Our results shed light on the importance of peripheral auditory coding for auditory perception in all types of complex social settings, from the boardroom to the football field. Individuals with poorer peripheral encoding (like our bottom-quartile listeners) may struggle to communicate or even withdraw entirely in such settings (38) . Such listeners are likely to be particularly vulnerable when faced with everyday challenges that listeners with more robust auditory peripheral coding can handle relatively gracefully, from listening in reverberant or noisy rooms to dealing with the normal effects of aging on auditory processing (39) (40) (41) (42) (43) (44) (45) (46) . Our results suggest an approach for teasing apart peripheral and central factors that contribute to hearing difficulties in daily life. For instance, a portion of the listeners who have been diagnosed with auditory processing disorder or KingKopetskey syndrome (10, 47, 48) may have deficits in subcortical auditory function that could be identified and diagnosed using objective measures like those reported here.
Methods
The selective attention task methods were identical to ref. 15. In the FM detection task, listeners indicated which of three 750-Hz tones (interstimulus interval 750 ms) contained 2 Hz frequency modulation (12) . The frequency excursion varied adaptively using a two-down, one-up procedure (step size 1 Hz) to estimate the 70.7% correct FM threshold. Individual thresholds were estimated by averaging the last 12 reversals per run, then averaging across six runs.
Physiological responses were measured at the Cz electrode (BioSemi EEG system), referenced to the earlobe. Subjects watched a silent, subtitled movie while the 100-Hz monotonized syllable /dah/ was presented 4,000 times each in quiet and in a broadband noise (SNR 10 dB) (25, 26) . In half of the trials, the acoustic signal was inverted. Trials were randomly ordered, with a randomly jittered interstimulus interval to prevent spectrotemporal artifact. Epochs containing eye blinks were rejected (electrodes above and below the eye; a minimum of 1,800 clean trials remained for each subject and condition after eye-blink rejection). Bootstrapping yielded Gaussian-distributed estimates of the PLV referenced to the stimulus (28, 29) at 100, 200, 300, 400, and 500 Hz. Two hundred independent PLV estimates were averaged for each combination of quiet/noise and signal polarity, each from 400 draws (with replacement) of clean trials; positive and negative polarity PLVs were then averaged.
Mixed-effects ANOVAs were run on the PLV (one per harmonic) with fixedeffect factors of noise condition, listener group, and signal polarity; randomeffect factor of subject; and interaction listening condition × listener group. F ratios were calculated using the method of restricted maximum likelihood. Corresponding P values used conservative lower bounds on the degree of freedom (df) (49) . Mauchly sphericity tests (50) found no significant nonsphericity at any frequency (P > 0.5), so no adjustments to F ratios or df were undertaken. Results were Bonferroni corrected for multiple comparisons (five harmonics).
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